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The classical thermodynamics reflects the significant relationship between the heat and the temperature. On the 


basis of the relationships, according to the mathematical derivation, this paper structures the conceptions of gene- 


ralized heat, generalized thermodynamic temperature, generalized entropy and so on. The series of conceptions in 


the classical thermodynamics is merely a special case of the generalized thermodynamics. Based on these con- 


ceptions of generalized thermodynamics, this paper presents the new expressions of the first law and the second 


law of thermodynamics. In other words, these expressions are endued with new explanations. The Eq. LZ = kTS 


given by this paper provides theoretical basis for these new expressions. 


Keywords: Generalized thermodynamic temperature, First law of thermodynamics, Second law of thermody- 
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Introduction 


In the historical development of thermodynamics, in- 
ternal energy is introduced as a deduction of the first law 
of thermodynamics. Some researchers (including this 
paper) consider the internal energy as the nonfinite initial 
definition. According to the first law of thermodynamics, 
internal energy is defined by Eq. (1.1). 

dU=60 - ôW, (1.1) 

In Eq. (1.1), the definition of ÒW could be given by 
other physical subjects, there is no doubt about it. But we 
think the definition of 6Q in thermodynamics has some 
defects. In the famous Joule's equivalent experiment, 
Joule used electricity to heat the water. He found that the 
electric power was in proportion to the incremental tem- 
perature. As the development of the heat engine, there 
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were abundant data of the water heating, and the heat 
which could increase the temperature of 1 gram of water 
by 1°C was defined as 1 Cal. Therefore, by its nature, the 
definition of heat is presented that heat is energy de- 
pended on the difference in temperature between the 
thermodynamics system and the outside to transfer. To 
some extent, the relationship of heat and temperature is 
like the relationship of flux and gradient or the relation- 
ship of electric energy and electrical potential force. It 
also means that the measurement of heat is relied on the 
measurement of temperature. 

In classical thermodynamics, temperature is deter- 
mined by the zeroth law of thermodynamics. But the tem- 
perature scale which is determined the value of the tem- 
perature could not be given by the zeroth law. The con- 
ception of thermodynamic temperature scale is founded 
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Nomenclature 

U = internal energy, J 

u = specific internal energy, J/kg 
Q = heat, J 

q = specific heat, J/kg 

S = entropy, J/K 

s = specific entropy, J/(kg:K) 
T = temperature, K 

W = work, J 

w = specific work, J/kg 

V = volume, m? 

v = specific volume, m*/kg 


by the second law of thermodynamics and the conception 
of reversible cycle, it is also called thermodynamic tem- 
perature or absolute temperature. According to the Carnot 
law, two different thermodynamic temperatures working 
in two different heat reservoirs could be defined by Eq. 
(1.2). 

Q)/Q2 = hth) = TiTa, (1.2) 

Thus the problem returns, the measurement of temper- 
ature is relied on the measurement of heat. This question 
is the inherent contradictions of the classical thermody- 
namics. In this paper, we call it “Twine of temperature 
and heat”. This problem does not testify the thermody- 
namic temperature is wrong. It guides us to query the 
uniqueness of thermodynamic temperature. 

Obviously, a simple way to solve the “Twine of tem- 
perature and heat’ is to prove the thermodynamic tem- 
perature is unique, is the real absolute temperature. But 
as the foregoing discussion has shown, the definition of 
classical thermodynamic temperature could not prove the 
uniqueness of thermodynamic temperature. Caratheodory 
raised another method to determine thermodynamic tem- 
perature. He thought thermodynamic temperature is the 
reciprocal of energy integrating factor occurred in ther- 
mal process between two equilibrium states. 

According to the first law of thermodynamics, we can 
conclude the Eq. (1.3). 

Q =dU + OW, (1.3) 

On the basis of the property of the perfect differential, 
there must be an integrating factor //T, which makes S to 
be a perfect differential and satisfies Eq. (1.4). 

b0/T = dUIT + dWIT = dS, (1.4) 

This status parameter is just the thermodynamic en- 
tropy, and for the existence of integrating factor, the 
process must be reversible. So according to the definition 
of the temperature by Caratheodory, is the thermody- 
namic temperature unique? 

Since the temperature is a perfect differential function, 
by the property of perfect differential, multiply a perfect 
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P = pressure, Pa 

Ux = generalized internal energy, J 

ux = specific generalized internal energy, J/kg 

@= generalized heat, J 

g = specific generalized heat, J/kg 

Z = generalized entropy, J/ K'“ 

Ç= specific generalized entropy, J/(kg:K") 

L = generalized temperature, K'“ 

k = thermodynamic temperature transformation ratio 


Z= generalized entropy production, J/ K'“ 


differential function by a perfect differential function, the 
consequence is still a perfect differential function. For 
example, d(7P) is still a perfect differential function. It is 
not difficult to prove that, if //T is an integrating factor, 
1/(TP) is still an integrating factor. As there are infinite 
status parameters which fit the integrating factor re- 
quirement, this definition still cannot solve the unique- 
ness problem of thermodynamic temperature. 

So can we determine a unique thermodynamic tem- 
perature by experiment? Now let’s review the relevant 
history. The simplest empirical temperature scale is ideal 
gas temperature scale. Early in the 17th century, Boyle 
(1662) and Mariotte (1667) found that the gas specific 
volume is inversely proportional to the gas pressure when 
the gas temperature is invariant. Charley pointed out that 
when the gas volume is fixed, the gas pressure change is 
in proportion to the gas temperature change. Gay-Lussac 
experiment showed that, in the condition of constant vo- 
lume, gas pressure change is in proportion to gas temper- 
ature change. According to these consequences, we can 
determine a new temperature scale-- ideal gas tempera- 
ture scale. Suppose that for some given volume gas, 
when gas temperature is 100°C, the gas pressure is pı, 
when gas temperature is 0°C, the gas pressure is p2. Then 
we can get 

A t/ Ap = 100/(p\—p2) = 100/[p2x(p\/p2-1)] = const, (1.5) 

If we define the following rules, when p,—0, T,—-0 
and the temperature unit is the same as celsius tempera- 
ture scale. Then, 

T/T, = P/P», (1.6) 
(T-T) PiP) = At/ A p= Ty Po, (1.7) 

Enormous gas experiments show that, when the gas 
pressure is minimal, we can get Eq. (1.8). 

T,/T,= ™ (pyp) =1.36609+0.00004, (1.8) 

In other words, only in the condition of very low gas 
pressure, these rules are reliable. Thus, 

T= (TT !™ (p/p) -1] = 273.15K, 


pr 


(1.9) 
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That means 0°C equals 273.15K in ideal gas temper- 
ature scale. 

This is the function of ideal gas temperature scale. The 
researches show, only in the condition that the gas tem- 
perature is much higher than the gas saturation tempera- 
ture and the gas pressure is very low, the gas property is 
close to the ideal gas. Thus, the gas thermometer has 
systematic error, we should pay attention to the suitable 
conditions. 

It seems that ideal gas temperature scale determines 
the unique thermodynamic temperature. In quite a long 
time, it was thought to be right. But if we deliberate the 
problem over, we will find that Eq. (1.6) is a completely 
artificial setting. It can be proved that the temperature 
which satisfies the Eq. (1.10) could also be the thermo- 
dynamic temperature. There are no reasons to remove 
them. They are all the examples of thermodynamic tem- 
perature. 

The PP), (1.10) 

According to the discussion above, it is clear that nei- 
ther the thermodynamics axioms nor experiments could 
solve the uniqueness problem of thermodynamic temper- 
ature definition and heat definition. The “Twine of tem- 
perature and heat” problem is like the problem that “Pass- 
ing a pot outside a line, how many parallel lines could be 
drawn”, prompts us another way to solve the problem, to 
find out other thermodynamic temperatures. 


The construction of the generalized thermody- 
namic temperature 


Since the thermodynamics axioms could not solve the 
uniqueness problem of thermodynamic temperature defi- 
nition and heat definition, is there another definition of 
the temperature and heat? We propose a hypothesis, the 
thermodynamic temperature is not unique. 

We call this new thermodynamic temperature “the ge- 
neralized thermodynamic temperature”, written as L, the 
corresponding heat is called the generalized heat, written 
as ®, the corresponding entropy is called the generalized 
entropy, written as Z, and so on. 

We think the new thermodynamic physical quantities 
should have the following properties: 

1.The generalized thermodynamic temperature L 
represents the cold and hot of the objects. 

2. The generalized thermodynamic heat @ satisfies the 
characters of the classical thermodynamic heat. 

3. The generalized thermodynamic entropy Z has all 
the properties of the classical thermodynamic entropy. 

4. The heat engine efficiency of reversible process 
between two isothermal heat sources could be expressed 
by the new thermodynamic temperature, and keep the 
same form as the classical thermodynamics. 

5.The rules expressed by the new thermodynamic 
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temperature will not be against to the thermodynamics 
axioms. 
Based on the properties above, the L should be satis- 
fied for Eq. (2.1) and Eq. (2.2), 
g(L)=T, (2.1) 
L=g\(1)=fD, (2.2) 
JT) is a monotonic and uniform function, for reversi- 
ble process, 
d® = LdZ, (2.3) 
The heat engine efficiency of reversible process be- 
tween two isothermal heat sources could be expressed by 
Eq. (2.4) 
Ntk = W/®, = (®ı ®-)/ QD, =] D/P, =] L/L, (2.4) 
In other words, ®,/@,= L,/ Lı could be the definition 
formulas of the generalized thermodynamic temperature. 
Z, which is denoted as the generalized thermodynamic 
entropy, is satisfied for the following expression: 
LZ=f(T) Z=kTS, (2.5) 
k is a nonzero real number and is called the thermo- 
dynamic temperature transformation ratio. 


dZ = d[kTS/AD)], (2.6) 


Since, 


(ATS) = dT) Z] = f(T)dZ+Zdf{T), (2.7) 


LdZ = f(T)dZ = kd (TS)-Zf (DAT 
= k(TdS+SdT)-Zf '(T)dT (2.8) 
Substitute Eq. (2.5) into Eq. (2.8), we obtain: 
(1/k) LdZ = TaS+ {1-7 (T/T) |} SAT, (2.9) 
For simplicity, 7[f’(7)/f(7)] is defined as 1/k , k is a 
nonzero dimensionless real number. 
TU (DAT) = 1/k(k#0), 
Then Eq. (2.9) is simplified as 
LdZ = k[TdS + (1—-1/k )SdT] = TdS+(k-1) d (TS) 
TdS = LdZ+(1-k) d (TS), (2.11) 
Due to the characteristic function, internal energy sa- 
tisfies the following expression: 
dU = TdS-pdv, (2.12) 
Substitute Eq. (2.11) into Eq. (2.12) and it becomes as 


Then, 


(2.10) 


dU = [(1-4) A]d(ZZ) + LdZ-pdv, (2.13) 
Eq. (2.13) is simplified as 
d{U-[(1-A)/A]LZ}. = LdZ-pdy, (2.14) 


Define the new thermodynamics state parameter U, 
as: 
U= U-[(1-k)/k] LZ, (2.15) 
Considering the non-uniqueness of thermodynamics 
energy, U, is called the generalized internal energy based 
on the thermodynamic temperature transformation ratio k. 
ux is defined as the specific eneralized thermodynamic 
internal energy. Here we discuss the relationship between 
the generalized thermodynamic temperature L and the 
classical thermodynamic temperature T. 
Change Eq. (2.10) into Eq. (2.16), 
dff = (/A)aTIT, (2.16) 
Then, 


Inf= (1/A)InT+Inc, (2.17) 
fT) =L=cT"* (k40), (2.18) 
For simplicity, set c = 1 and then 
L= T"* (k#0), (2.19) 
Z= kIT P“, (2.20) 


In Eq. (2.20) L is the generalized thermodynamic 
temperature whose thermodynamic temperature trans- 
formation ratio is k, called the generalized temperature 
for short. Z is the generalized thermodynamic entropy 
whose thermodynamic temperature transformation ratio 
is k, called the generalized thermodynamic entropy for 
short. ¢ is defined as the specific generalized thermody- 
namic entropy. 

It is not difficult to find that, when T is in the range of 
positive real numbers, the generalized thermodynamic 
temperature L determined by Eq. (2.19) has the property 
of monotone single valued function, so we regard Eq. 
(2.19) as the definition formulas of generalized thermo- 
dynamic temperature. 

So could the generalized thermodynamic parameters 
completely replace the classical thermodynamic parame- 
ters? By the analysis below, we can find the answer is 
yes. 


The expression of the first law of thermodynam- 
ics in term of the generalized thermodynamic 
temperature 


In the classical thermodynamics, the expression of the 
first law of thermodynamics is: 
Q =dU+6W, (3.1) 
For the system with the generalized thermodynamic 
temperature whose temperature transformation ratio is k, 
add- [(1—-4)/k] LZ to both sides of Eq. (3.1). 
Q- [(1-A)/k] d(ZZ) = d{U-[(1-k)/k] TS}+6W, (3.2) 
Define = Q- [(1-k)/k]LZ, ®, is called the genera- 
lized heat based on the thermodynamic temperature 
transformation ratio k. øx is defined as the specific gene- 
ralized heat based on the thermodynamic temperature 
transformation ratio k. 
Then Eq. (3.2) is simplified as 


dU, = òP- dW, (3.3) 
When the process is reversible, we get 
dð, = dutdW, (3.4) 
Compare Eq. (3.4) with Eq. (2.12), we get 
d®, = LdZ, (3.5) 


Eq. (3.3) is called the general expression of the first 
law of thermodynamics in generalized thermodynamic 
temperature. 

Obviously, Eq. (3.3) is not only the expression of the 
first law of thermodynamics with classical thermody- 
namics temperature like Eq. (3.1) but also the expression 
of the first law of thermodynamics with different genera- 
lized thermodynamic temperature scales. 
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Eq. (3.5) is the same as Eq. (2.3) which is satisfied for 
the condition. So the generalized thermodynamic tem- 
perature L and generalized thermodynamic entropy Z 
could completely replace the classical temperature and 
entropy, and express the first law of thermodynamics 
without any difficulties. Given all that, we present a new 
expression of the first law of thermodynamics as follows: 

There are different thermodynamic temperatures, they 
could interconvert into each other. For each thermody- 
namic temperature, there is corresponding heat, different 
heat could also interconvert into each other. In the condi- 
tion of given thermodynamic temperature, the heat of 
thermodynamic system get from outside, is equal to the 
sum of the increase of generalized internal energy and the 
external work. 


The generalized Carnot cycle and generalized 
Clausius inequality, the expression of the second 
law of thermodynamics in the generalized ther- 
modynamic temperature 


Generalized Carnot cycle works between two isother- 
mal heat sources. Two reversible generalized isothermal 
processes and two reversible generalized entropy pro- 


cesses consist of the generalized Carnot cycle. (Fig. 1). 


LA 


L >"> 


Fig. 1 The thermal process of generalized Carnot cycle. 


The generalized heat of reversible process can be de- 
duced from Eq. (3.5): 
Px = Li (G-1), (4.1) 


Px2= Lr (2-01), (4.2) 
Since wu, is a state parameter, at the end of cycle 
process, 


du, =0, (4.3) 
$ dux = $ Ld€ — $ pdv, (4.4) 
f$ pdv =w= $ Ld¢ (4.5) 


Nk = Wok = (Pxi-P2) Per = 1 — Lo/Li, (4.6) 

Eq. (4.6) shows that under the definition of the gene- 

ralized thermodynamics, the heat efficiency of genera- 

lized Carnot cycle still remains the same form as the 
classical thermodynamics. 
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After the generalized temperature and the generalized 
entropy are presented, it is obvious that the first Carnot 
law should be corrected as follows: “ Under the condition 
of the same generalized temperature scales, any reversi- 
ble heat engine which works between the same two heat 
sources has the same heat efficiency; under the condition 
of different generalized temperature scales, any reversi- 
ble heat engine which works between the same two heat 
sources has different heat efficiencies, but there is a one - 
to - one relationship between each two heat efficiencies 
with different generalized temperature scales. ” The ex- 
pression not only reflects the essence that the temperature 
determines the heat efficiency, but also shows the influ- 
ence of different generalized temperature scales on the 
heat efficiency. It's not difficult to understand that why 
the definition of heat efficiency of heat engine changes, 
the generalized heat has the similar character as the 
cooling capacity in classical thermodynamics. 

@,/D, = L/L», (4.7) 

Eq. (4.7) is the same as Eq. (1.2)—the definition of 
temperature scale in the classical thermodynamics in 
forms. This is why L is called the generalized tempera- 
ture scale. 

Here generalized Clausius inequality will be derived 
from the generalized Carnot cycle. 

As shown from Fig.2, it is noted that Zo=L. C is the 
generalized Carnot heat engine, absorbing heat d®y from 
Lo. After doing work dW., C exports heat d® with tem- 
perature L to the general heat engine A. 


Fig. 2 The generalized Carnot cycle. 


For one or more micro generalized Carnot cycles, we 
have: 


dØy Ly =Y.d@y/Ly= YAG/L=dG/L, (4.8) 


dW. = YdWa = VdGp- dB; =dGy-d&, (4.9) 


For the work of the heat engine A: 
W+ dUk, a = dd, (4. 10) 
dW is the work done by heat engine A. dU% a is the 
generalized internal energy of the heat engine A. 
For the general heat engine A, the cycle could be re- 
versible or irreversible. Assume that some micro genera- 
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lized Carnot cycles correspond a micro A heat engine 
cycle. After the two heat engines are combined into a 
new heat engine, we can get: 


$ (dW+ dW.)=¢d@ot $ dUk a, (4.11) 

Since 
f dU; a=, (4.12) 

Then 
$ (WW. =$ (Lo/L)d®, (4.13) 
$ (dÐ/L) = (1/Lo) $ (W+W,), (4.14) 


Since the heat engine is a single heat source, according 
to the second law of thermodynamics, we have: 


$ &(W+W)5 <0, (4.15) 
Because 
T2 0, Lo= 7". (4.16) 
Then 
$ d@/L <0, (4.17) 


Eq. (4.17) is the generalized Clausius inequality in 
generalized temperature scale. 
Furthermore, when $ dØ/L=0 , the process is reversi- 
ble, according to Eq. (3.5) 
d@/L = dZ, (4.18) 
Substituting Eq. (4.18) into Eq. (4.17), and consider 
the real process maybe irreversible, we get 
$ (dZ-5@/L) > 0, (4.19) 
The general condition to make the Eq. (4.19) true is: 
dZ-5@/L = 0, (4.20) 
Define 
dZ-65®@/L = 8Z., (4.21) 
d5@/L is called the generalized entropy flow, can be 
positive or negative. 6Z, is called the generalized entropy 
production, only can be positive. 
6Z,.= 0, (4.22) 
Eq. (4.22) “The generalized entropy production func- 
tion” is also regarded as the expression of the second law 
of thermodynamics in generalized thermodynamic tem- 


perature. 
The generalized entropy equation is: 
dZ = 5@/L+6Z,, (4.23) 
Conclusions 


Based on the first law and the second law of thermo- 
dynamics and according to the definition of the new 
thermodynamic temperature scale, a series of new con- 
ceptions are proposed in this paper, such as generalized 
temperature, generalized entropy, generalized heat, ge- 
neralized internal energy, etc. It is proved that the ma- 
thematical relationships of the new conceptions are al- 
most the same forms as the relational expressions of 
classical thermodynamics. 

The expression of the first law of generalized thermo- 
dynamics is Eq. (3.3) 


dU, = 85,3, (3.3) 


The expression of the second law of generalized ther- 
modynamics is Eq. (4.22) 

6Z,= 0, (4.22) 

For generalized Carnot heat engine, the expression is 

Eq. (4.7) 

@,/Py= L,/Lp, (4.7) 

The above consequences show that, for different tem- 

perature scales, different conceptions of heat, internal 

energy and entropy can be defined, respectively. From 


this significance, the conceptions of entropy and heat, etc. 


are not unique. This paper gives the conversion equations 
of them. 

Otherwise, according to the strict mathematical deri- 
vation, the new relationships of the generalized parame- 
ters are obtained based on the new temperature scales. 
Among these, the most fundamental relationship is that: 
under the condition that LZ = kTS, the relationship be- 
tween the generalized temperature and the classical tem- 


perature can be expressed by Eq. (2.19) L = T!* (k4#0)— 


a partial solution of Eq. (2.10) TY (TVAT)] = 1k (k#0) 
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(k is nonzero real). 

The new conceptions and their relational expressions 
of the thermodynamics may support different views and 
thoughts for researchers to make further efforts to under- 
stand thermodynamics. 
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